Abstract-To effectively minimize the launch mass and physical size constrained by the launch vehicles, the space experiment facilities are compactly designed using thin frame and shell structures to house high-precision and delicate instruments and experiment apparatuses, which are typical shock sensitive. When the construction of these facilities is completed, they need to be transported to the launch site to be integrated into the launch vehicles. Due to uneven and sometime rough road terrains, poor shock suspension system of the transportation vehicles, and high travel speed, the vibration excited between the road surfaces and vehicle wheels will be directly transmitted to the scientific experiment facilities via the vehicle bodies, which may potentially damage the delicate instruments or deviate the calibrations. Therefore, a vibration isolation system is needed to prevent the experiment facilities from being affected by the vibrations and shocks during the transportation. This paper will present the design of an effective vibration/shock isolation system for such applications. A six degree-of-freedom dynamic model of the vibration isolation system is established using ADAMS, and the vibration isolation efficiency and shock responses in Cartesian space are calculated. The simulation results show that the vibration isolation system is effective to attenuate high frequency vibrations and shocks in all three axes of the Cartesian space.
INTRODUCTION
The implementation of various kinds of scientific experiments in microgravity environment is the important applications of manned spacecraft [1] . The space science experiment need to be carried out in particular facilities which house high-precision and delicate instruments and experiment apparatuses, which are similar to the laboratory on the ground. To minimize the launch mass, the space experiment facilities are mostly composed of thin structures. During the long distance transportation, the space experiment facilities are easy to be damaged due to the low rigidity. In order to effectively protect the facilities, the design of transport vibration isolation system is very important.
In the transport process, the vehicle would cause multidimensional vibration due to uneven road and acceleration and deceleration. The vibration isolation for vehicular equipments is that connecting the vehicle and the protected equipments by use of isolators to attenuate vibration and shock generated by the vehicles. The general design method of vibration isolation system is that establishing dynamic model firstly and then selecting proper stiffness and damping for the isolator to reduce the protected objects vibration [4] [5] .
In this paper, the vibration isolation system for a shocksensitive space experiment facility which is transported by a truck is constructed by use of wire-cable isolators. The proper commercial isolators are selected through optimal calculation, and the performance of the six degree-offreedom vibration isolation system is also analyzed by use of software ADAMS.
II. DYNAMIC MODEL
The space experiment facility studied in this paper is a cabinet structure, and has six corners which can be fixed to the support bracket. In each corner, a three dimensional isolator is mounted between the facility and the base which is a support frame fixed on the truck chassis. With treating the facility and base as rigid bodies, the vibration isolation system which consists of the six isolators and the facility is a six degree-of-freedom (6 DOF) system. Therefore, in transport, the facility may have multi-dimensional vibration under excitation of the truck chassis through the base. The system mechanical model is shown in Fig.1 . Where x axis is along the lateral direction, y axis is along the truck run direction, and z axis is along the vertical direction.
1-isolator 1; 2-isolator 2; 3-isolator 3; 4-isolator 4; 5-isolator 5; 6-isolator 6; 7-space experiment facility; 8-base The vibration of a truck is broadband random vibration, and the vibration energy is mainly distributed in the frequency range of 0-200Hz, particularly more concentrated in the frequency range of 0-20Hz [6] . The vibration energy is greatest in the vertical direction, second in the lateral direction, and smallest in run direction. Because it is hard to make the vibration isolation best in three directions synchronously by use of commercial isolators, the optimal design objective is just to minimize the vertical vibration.
The vertical directional stiffness center of the system is designed to coincide with mass center of the facility, therefore, the vertical directional dynamic model of the vibration isolation system can be simplified to a single degree-of-freedom (SDOF) spring -damper -mass, as shown in Fig. 2 . The SDOF system is excited by the base acceleration u , and acceleration response of the facility is z . 
(1) Where, k is the total vertical directional stiffness coefficient of the system, c is the total vertical directional damping coefficient of the system, m is the mass of the facility, and r z is the relative displacement:
(2) Where, z is the displacement of the facility, u is the displacement of the base.
Through (1) and (2), transfer function from acceleration u to z can be derived:
Where, f is the frequency of the excitation. Defining damping ratio (2 ) c km ζ = , and substituting ζ into (3), the transfer function can be turned into the following form:
The truck vibration is a generally stationary random process [7] , and assuming that its acceleration power spectrum density (PSD) is 1 S , and the acceleration PSD of the facility can be derived as follows:
(5) Therefore, the acceleration root mean square (RMS) of the facility is:
III. OPTIMAL CALCULATION
The optimal design is to seek the optimal k and c , in order to make acceleration RMS of the facility minimal.
The transport vibration acceleration of a truck is determined by the road conditions, truck type, speed and load, and mainly determined by the road roughness. According to the transport condition will be adopted for the facility, an similar actual test acceleration PSD is referenced to act as the truck vibration in the optimal calculation, as shown in table . And the acceleration RMS of the truck/base is 0.46g. From the point of view of vibration isolation theory, we know that the lower the stiffness, the better the vibration isolation effect. But, low stiffness may cause large deformation, which is prohibited in practice. Therefore, the stiffness must be selected rightly to make the system deformation and the vibration isolation effect both meet the actual demands. According to the mass and first order natural frequency of the space experiment facility, in order to get a good vibration isolation effect and make the system deformation not too large synchronously, the optimal stiffness range is determined as [800000, 1600000] N / m. With the PSD in table as input, the relationships between acceleration RMS of the facility and k , c are calculated from (6), as shown in Fig. 3 . As seen from Fig.3 , for each damping ratio, there is always an optimal stiffness to make the acceleration RMS minimal. And with the increase of damping ratio, the RMS becomes smaller and smaller. For a small damping, e.g. 0.05, there may be large peak in the acceleration RMS curve. That means, under this situation, the vibration may be magnified largely for an inappropriate stiffness. But, for a large damping, e.g. 0.15, there is no large peak in the acceleration RMS curve. Therefore, a large damping ratio is needed to attenuate broadband random vibration. In Fig.3 , for ς =0.15, the corresponding optimal stiffness k=1340000N/m, and by using the two parameters, the calculated acceleration PSD of the base is shown in Fig. 4 . The facility acceleration RMS is 0.38g, which is attenuated by 17% compared to the base acceleration RMS 0.46g. We can also see that the vibration isolation system is effective in suppressing vibration energy with frequency above 15Hz. 
IV. ANALYSIS AND SIMULATION

A. Modal calculation
There are several different kinds of shock absorbers, such as spring isolator, rubber isolator and wire-cable isolator, and among these, the wire-cable isolator has the best damping performance (damping ratio is about 0.15), and also has the best attenuating shock performance. In this paper, the commercial wire-cable isolator is selected to constructed the transport vibration isolation system, and mechanical model of the isolator is shown in Fig.5 . The dynamic model of the 6 DOF system established by ADAMS is shown in Fig. 6 . The definitions of x axis, y axis and z axis are the same as Fig.1 . The wire-cable isolator model is replaced by three mutually perpendicular linear elastic dampers. In addition, the damping ratios along all three directions are assigned as the same value 0.15. Therefore, according to the previous optimization result and position of the facility mass center, the six optimal commercial isolators are selected and the three directional stiffness values of each isolator are shown in table . As a result, the whole system vertical directional stiffness center of the six isolators coincides with mass center of the facility, and the total vertical stiffness is 1302000N/m which is close to the optimal stiffness 1340000N/m for ς =0.15.
Based on the above parameters, the modal characters are calculated by ADAMS, as shown in table , and we can see that all the translation natural frequencies are smaller than 10Hz and very far from the first resonant natural frequency of the facility, which means the isolation system meets the design demand.
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B. Isolation efficiency
With treating x , y and z axis acceleration excitation of the base as input respectively, the system vibration isolation curves are shown in Fig.7 , and the output is the acceleration of the facility mass center along three axes directions. In Fig.7 , the magnitude is calculated as follow:
Where, T is the vibration transfer rate, i A is amplitude of the excitation, and o A is amplitude of the response. As can be seen from Fig.7 , the isolation system is effective to attenuate the high frequency vibration above 15 Hz in x, y, and z directions. We can also see that, under a single axial directional excitation, the responses of other two axes directions are very small, which means that the coupling of the system is very low.
C. Shock isolation performance
Firstly, the shock isolation performance of z direction is calculated. The excitation is a z directional half-sine acceleration shock pulse with duration of 11ms and amplitude of 10g applied on the base, and the waveform is shown in Fig. 8 . The z directional response of facility mass center is shown in Fig.9 . As seen from Fig.9 , the attenuation time is about 0.6s, and the shock isolation which is the ratio of the largest amplitude of response to the input acceleration amplitude is about 0.36.
Similarly, x and y directional acceleration shock pulse with duration of 11ms and amplitude of 2.5g is applied on the base respectively, and the calculated x and y directional acceleration response of the facility mass center is shown in Fig. 10 and Fig. 11 , respectively. The attenuation time is about 1.3s and 1.2s respectively, and the shock isolation coefficient is about 0.16 and 0.19 respectively. In this paper, the six degree-of-freedom dynamic system of transport vibration/shock isolation for the space experiment facility is presented and analyzed by ADAMS, and the natural frequencies of three axes directions are all below 10Hz which are much smaller than the first natural frequency of the facility. The vibration isolation curves show that the system coupling is very low and the isolation performance is very good for high frequency vibration attenuation. The shock attenuation performance is also analyzed, and the attenuation time and shock isolation coefficient show that the isolation system is also effective in attenuating shock excitation. The designed isolation system is effective in protecting the space scientific experimental facility in the transport.
